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(54) Fuel injection control device for direct injection spark-ignition engine 



(57) This invention proposes a fuel injection control 
device for a direct injection engine which performs sta- 
ble stratified charge combustion by increasing the de- 
gree of charge stratification in the air-fuel mixture 
through discrete double fuel injection by a fuel injection 
valve (12) during the compression stroke. In a predeter- 
mined operating region, the fuel injection control device 
for a direct injection engine divides the fuel injection 
pulse signal generated during compression stroke into 



two signals having approximately the same pulse width. 
The interval between the first and the second fuel injec- 
tion pulse signals is determined so that a mixture cloud 
(32) produced by a fuel spray injected on the basis of a 
second fuel injection pulse signal catches up with and 
is superimposed on a mixture cloud (31 ) produced by a 
fuel spray injected on the basis of a first fuel injection 
pulse signal. The two mixture clouds are superimposed 
in the proximity of a spark plug (7) at the ignition timing. 
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Description 

FIELD OF THE INVENTION 

[0001 ] This invention relates to a fuel injection control 5 
device for a direct injection spark-ignition engine. 

BACKGROUND OF THE INVENTION 

[0002] In a direct injection engine, stratified charge io 
combustion is generally performed in a predetermined 
operating range. During stratified charge combustion, a 
fuel spray directly injected into the combustion chamber 
by a fuel injection valve during a compression stroke is 
ignited after flowing into proximity to a spark plug. This ^ 
type of direct injection engine is disclosed in Tokkai 
2000-87750 published in Japanese Patent Office in 
2000. 

[0003] During stratified charge combustion, a concen- 
trated air-fuel mixture which is unevenly distributed in 20 
proximity to a spark plug is combusted by ignition. When 
fuel injected in response to a fuel injection pulse signal 
is diffused before reaching the spark plugs, a section of 
the air-fuel mixture in proximity to the spark plug has not 
reached an ignitable concentration. In this case, since 25 
flame propagation does not spread out even after igni- 
tion, preferred stratified charge combustion character- 
istics are not realized. In other words, stable stratified 
charge combustion is ensured only when an air-fuel mix- 
ture resulting from a fuel spray expands into proximity 30 
to the spark plugs at a fuel mixture concentration which 
is higher than an ignitable concentration. 
[0004] The concept of a degree of charge stratification 
of the air-fuel mixture is used in order to express the 
concentration of air-fuel mixture resulting from a fuel 35 
spray when in proximity to a spark plug. The degree of 
charge stratification of the air-fuel mixture is high when 
the air-fuel mixture in proximity to the spark plug com- 
prises a dense population of coexisting fuel particles. 
Conversely the degree of charge stratification is low *o 
when fuel particles making up the air-fuel mixture in 
proximity to the spark plug are spread out. It is preferred 
that an engine which performs stratified charge combus- 
tion has a high degree of charge stratification of the air- 
fuel mixture. 45 
[0005] Tokkai Hei 11-82030 published by the Japa- 
nese Patent Office in 1999 discloses a direct injection 
engine which performs a plurality of injection operations 
during the compression stroke. 

[0006] For example, a fuel injection pulse signal out- so 
putted during compression stroke is divided into three 
parts. Here, a first injection pulse width T1 of the divided 
injection pulse signal is adapted to be longer than a sec- 
ond injection pulse width T2 and a third pulse width T3. 
In turn, the second injection pulse width T2 is longer than 55 
the third pulse width T3. Furthermore a first pulse stop 
width 11 is shorter than a second pulse stop width 12 and 
the second pulse stop width 12 is shorter than a third 



pulse stop width 13. 

[0007] In the conventional technique, the second and 
third fuel injection operations are subordinate to the first 
fuel injection. As the fuel injection amount due to the first 
fuel injection pulse signal increases, the behavior of the 
air-fuel mixture replicates the behavior of an air-fuel mix- 
ture resulting from fuel injection which is not divided (on- 
ly a single injection). The dimensions of the mixture 
cloud increases with increase in the first fuel injection 
pulse width. As a result, it is sometimes the case that 
the conventional technique has little effect on the im- 
provement in the degree of charge stratification of the 
air-fuel mixture. 

SUMMARY OF THE INVENTION 

[0008] It is therefore an object of this invention to in- 
crease the degree of charge stratification of the air-fuel 
mixture in a direct injection engine, thereby enabling the 
direct ignition engine to perform stable stratified charge 
combustion. 

[0009] In order to achieve above object, this invention 
provides a fuel injection control device for a direct injec- 
tion engine which performs stratified charge combustion 
in a predetermined operating region, the fuel injection 
control device being provided with a spark plug for ig- 
niting an air-fuel mixture in the cylinder, and a fuel injec- 
tion valve for injecting fuel into the cylinder, the control 
device comprising a crank angle sensor for detecting an 
engine rotation speed and a controller 
[0010] The controller functions to output a fuel injec- 
tion pulse signal for opening a fuel injection valve during 
the compression stroke; the fuel injection pulse signal 
comprising a first injection pulse and a second injection 
pulse, the signals having substantially the same pulse 
width; and set a fuel injection interval which is the inter- 
val between the first fuel injection pulse and the second 
fuel injection pulse in response to an engine rotation 
speed so that a second mixture cloud produced by a fuel 
spray injected on the basis of the second fuel injection 
pulse follows after and is superimposed on a first mix- 
ture cloud produced by a fuel spray injection on the basis 
of the first fuel injection pulse, the two mixture clouds 
being superimposed in proximity to a spark plug at the 
ignition timing. 

[0011] The principle of rapid-succession double fuel 
injection is applied to discrete double fuel injection in the 
compression stroke. Since the conventional technique 
does not apply a principle of rapid-succession double 
injection in contrast to this invention, this invention has 
a technical concept different from that of the convention- 
al technique on a method of increasing the degree of 
charge stratification. The principle of rapid-succession 
double fuel injection is as follows: the travel speed of 
the mixture cloud produced by the fuel spray of the sec- 
ond fuel injection greater than the travel speed of the 
mixture cloud produced by the fuel spray of the first fuel 
injection because air flow generated by the fuel injected 
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during the first injection reduces the pressure near the 
fuel injection valve. 

[0012] The details as well as other features and ad- 
vantages of this invention are set forth in the remainder 
of the specification and are shown in the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a schematic view of a direct injection 
engine according to a preferred embodiment. FIG. 1A 
is a lateral view and FIG. 1 B is an upper view. 
[0014] FIG. 2 shows a fuel spray injected from a fuel 
injection valve and tumble flow which interferes with the 
fuel spray: FIG. 2A is a lateral view and FIG. 2B is an 
upper view. 

[0015] FIG. 3 is a first map showing the operating 
range of a direct injection engine. 
[001 6] FIG. 4 is a schematic diagram of a control sys- 
tem for a direct injection engine. 
[0017] FIG. 5 is a second map showing the relation 
between the engine rotation speed and the required fuel 
injection interval. 

[0018] FIG. 6 shows the influence of fuel pressure in 
during discrete double injection: FIG. 6A shows the be- 
havior of two mixture clouds at high fuel pressure and 
FIG. 6B shows that at low fuel pressure. 
[0019] FIG. 7 is a third map showing the relation be- 
tween the engine rotation speed and a target fuel pres- 
sure. 

[0020] FIG. 8 is a flowchart showing the routine for 
setting a target fuel pressure and fuel injection pulse 
widths. 

[0021] FIG. 9 is a flowchart showing the routine for 
setting the fuel injection timing. 

[0022] FIG. 1 0 is a waveform diagram showing a fuel 
injection pulse signal. 

[0023] FIG. 11 shows the behavior of mixture clouds 
produced by fuel spray into the combustion chamber. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0024] I n order to describe the invention in greater de- 
tail, the preferred embodiments will be outlined below 
with reference to the accompanying figures. In this spec- 
ification the valve opening timing (fuel injection timing), 
the valve opening period (injection interval) and ignition 
timing are expressed in crank angle. 
[0025] Referring to FIG. 1 of the drawings, a direct in- 
jection engine 1 according to this invention comprises a 
cylinder head 2, a cylinder 4 formed in a cylinder block 
3, and a piston 5 which slidabry moves in the cylinder 4. 
The cylinder 4 and the piston 5 define a combustion 
chamber 6. An ignition plug 7 is positioned in the central 
section of th combustion chamber 6. The combustion 
chamber 6 is a pent roof type. A pair of intake ports 8a, 
8b and a pair of exhaust ports 9a, 9b are disposed in 



mutually opposed positions sandwiching the spark 
plugs 7 on the ceiling of the combustion chamber 6. A 
pair of intake valves 1 0a, 1 0b open and close the open- 
ing of the intake ports 8a, 8b. A pair of exhaust valves 
5 11a, 11b open and close the opening of the exhaust 
ports 9a, 9b. 

[0026] A fuel injection valve 1 2 is disposed on the ceil- 
ing of the combustion chamber 6, laterally facing the 
combustion chamber. The fuel injection vafve 12 is po- 
10 sitioned between each intake port 8a, 8b on a lateral 
side of each intake valve 1 0a, 1 0b in order to face the 
combustion chamber 6. 

[0027] The fuel injection valve 1 2 injects a fuel spray 
into the combustion chamber 6 with timing determined 

is by a fuel injection pulse signal. The fuel spray mixes with 
air aspirated into the cylinder 4 from the intake ports 8a, 
8b when each intake valve 1 0a, 1 0b is opened. The air- 
fuel mixture formed in the cylinder 4 is ignited by the 
spark plug 7 when compressed by the piston 5. The 

20 combustion gas depresses the piston 5 and provides a 
rotational force for the crankshaft. Thereafter when the 
exhaust valves 1 1 a, 1 1 b are opened during the exhaust 
stroke in which the piston 5 ascends, combustion gas is 
exhausted from each exhaust port 9a, 9b, and then the 

25 stroke cycle is continuously repeated. 

[0028] Intake air branches equally into the respective 
intake ports 8a, 8b and flows into the cylinder 4. Each 
intake port 8a, 8b is provided with a tumble control valve 
13 at a midway position. When the tumble control valve 

30 1 3 js closed, intake air flows into the upper half of each 
intake port 8a, 8b as shown in FIG. 1A and the flow 
speed of the intake air is increased. Even when the di- 
rect injection engine is not operating in a high rotation 
speed region or a high load region, tumble flow about 

35 an axis orthogonal to the center axis of the cylinder 4 is 
produced with a sufficient strength in the upper section 
of the head of the cylinder 5 as shown by an arrow in 
FIG. 2A. The tumble flow undergoes swirl in a longitu- 
dinal direction. A cavity 5a in the shape of a shallow bowl 

40 is formed in the piston head in order to assist the tumble 
flow. FIG. 2B shows the tumble flow rising from the bot- 
tom of the cavity 5a. In FIG. 2B, the tumble flow is rep- 
resented with an incline in order to facilitate description. 
[0029] The direction of fuel injection of the fuel injec- 

45 tion valve 1 2 is set to substantially the same direction 
as the direction of the tumble flow resulting from air in- 
take. Referring to FIG. 2, the fuel spray injected from the 
fuel injection vafve 1 2 spreads out in the shape of an 
imaginary circular cone about the center of the fuel in- 

50 jection valve 12. The fuel spray is lead by the tumble 
flow towards the spark plug 7 and forms an ignitable mix- 
ture cloud at that point. Therefore stable stratified 
charge combustion operation is possible by igniting the 
mixture cloud reaching the proximity of the spark plugs 

55 7. 

[0030] Referring to the first map shown in FIG. 3, the 
stratified charge combustion region of the direct injec- 
tion engine 1 is positioned towards low rotation speeds 
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and low load. In FIG. 3, the load is expressed as a brake 
mean effective pressure. For example, the stratified 
charge combustion region lies below the engine rotation 
speed of 3,600 rpm and below the brake mean effective 
pressure of 500-700 kPa. 

[0031] In contrast, in homogeneous combustion re- 
gions determined by the first map in FIG. 3 (high rotation 
speed regions or high load regions), a strong tumble 
flow is produced in the combustion chamber 6 even 
when the tumble control valve 13 is open. In the homo- 
geneous combustion region, the direct injection engine 
1 produces a homogeneous air-fuel mixture in the entire 
combustion chamber 6 by injecting fuel during the intake 
stroke with the tumble control valve 13 open in order to 
perform homogeneous combustion. 
[0032] Referring to FIG. 4, the control system for the 
direct injection engine according to this invention is pro- 
vided with a spark plug 7, a fuel injection valve 12, a 
tumble control valve 13, a pressure regulator 14, a con- 
troller (ECM) 15, an accelerator pedal sensor 16, a 
crank angle sensor 1 7, an oxygen concentration sensor 
1 8, and an airflow meter 1 9. The accelerator pedal sen- 
sor 16 detects the amount of accelerator pedal depres- 
sion. The crank angle sensor 17 detects an engine ro- 
tation speed and a crank angle. The oxygen concentra- 
tion sensor 1 8 and the airflow meter 1 9 are used for the 
air-fuel ratio control. 

[0033] The controller 1 5 is provided with a microproc- 
essor having a central processing unit (CPU), a random 
access memory (RAM), a read only memory (ROM) and 
an input/output interface (I/O interface). 
[0034] A signal that is representative of the accelera- 
tor pedal depression amount from an accelerator pedal 
sensor 1 6, a signal showing a reference position and a 
position signal at 1 degree CA intervals from a crank 
angle sensor 17 are input to the controller 15. The 
amount of accelerator pedal depression corresponds to 
the engine load. The signal showing the reference po- 
sition is a signal for controlling the ignition timing or the 
fuel injection period. 

[0035] The controller 15 controls the valve opening 
timing of the fuel injection valve 12, namely the fuel in- 
jection timing, and the valve opening period, namely the 
fuel injection amount. The controller 15 outputs a pulse 
signal corresponding to the calculated fuel injection 
amount to a drive circuit (not shown) of the fuel injection 
valve 1 2. Thereafter a drive current corresponding to the 
pulse signal is sent to the actuator of the fuel injection 
valve 12 from the drive circuit and the nozzle hole is 
opened by lifting a needle disposed in the fuel injection 
valve 1 2. As the fuel injection pulse width lengthens, the 
valve opening period of the fuel injection valve 12 
lengthens and the fuel injection amount is increased. 
[0036] The ROM of the controller 1 5 stores a first map 
determining an operating range of the direct injection 
engine 1 . When d termining that the engine rotation 
spe d and the engine load are in a homogeneous com- 
bustion region of the first map, the controller 1 5 sets the 



fuel injection timing to the intake stroke during which the 
piston is depressed. The controller 15 controls the air- 
fuel ratio in a narrow range about a stoichiometric air- 
fuel ratio in a homogeneous combustion region. 

5 [0037] On the other hand, when determining that the 
engine rotation speed and the engine load are in the 
stratified charge combustion region of the first map, the 
controller 15 sets the fuel injection timing to the latter 
half of the compression stroke during which the piston 

10 5 ascends. In this case, the air-fuel ratio is controlled to 
a leaner value than the stoichiometric air-fuel ratio. The 
controller 15 controls the air-fuel ratio based on signals 
from the crank angle sensor 17, the oxygen concentra- 
tion sensor 18, and an airflow meter 19. 

15 [0038] In the stratified charge combustion region, the 
controller 1 5 generates a fuel injection pulse signal com- 
prising a first injection pulse and a second injection 
pulse having equal pulse widths. That is to say, fuel in- 
jection during the compression stroke in the stratified 

20 charge combustion region is performed equally on two 
occasions. Hereafterthis type of fuel injection is termed 
discrete double injection. 

[0039] The fuel injection pulse signal is set so that a 
first mixture cloud formed from a fuel spray injected on 

25 the basis of a previous first fuel injection pulse reaches 
the proximity of the spark plugs at the ignition timing. 
The fuel injection pulse signal is further set so that a 
second mixture cloud formed from a fuel spray injected 
on the basis of a second fuel injection pulse successive- 

30 |y follows the previously generated mixture cloud into 
proximity with the spark plug. This is enabled by adapt- 
ing the engine fuel injection technique so that the prin- 
ciple of rapid-succession double fuel injection is applied 
to discrete double fuel injection in the compression 

35 stroke. In this manner, two mixture clouds become su- 
perimposed in proximity to the spark plugs at the ignition 
timing. As a result, the overall dimensions of the mixture 
cloud are nearly halved and the degree of charge strat- 
ification is raised in comparison to the situation in which 

40 only a single fuel injection is performed during the com- 
pression stroke. The increase in the degree of charge 
stratification of the air-fuel mixture has been confirmed 
experimentally by the present inventor. 
[0040] The principle of rapid-succession double fuel 

45 injection will be described below. Air flow generated by 
the fuel injected during the first injection reduces the 
pressure near the fuel injection valve. When the second 
fuel injection is performed without providing a large fuel 
injection interval, fuel injected during the second injec- 

50 tJon is sucked into proximity with the fuel injection valve. 
This phenomenon makes the travel speed of the mixture 
cloud produced by the fuel spray during the second fuel 
injection greater than the travel speed of the mixture 
cloud produced by the fuel spray during the first fuel in- 

55 jection. 

[0041] The pulse signal output during the compres- 
sion stroke is divided into two signals of substantially 
equal pulse width in order to apply the principle to rapid- 
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succession double injection. In this case, immediately 
after completion of discrete fuel injection, the two mix- 
ture clouds produced from respective fuel sprays sepa- 
rately progress towards the spark plugs. Thereafter the 
latter (hereinafter second) mixturecloud follows the pre- 
viously generated (hereinafter first) mixture cloud. After 
a certain period of time from completion of discrete fuel 
injection, the latter mixture cloud catches up with thefirst 
mixture cloud and the two clouds become superim- 
posed. When some time elapses after this state, the 
second mixture cloud overtakes the first mixture cloud 
and elongates the superimposed mixture cloud. 
[0042] The degree of charge stratification can be in- 
creased to a degree higher than that obtained by a sin- 
gle fuel injection which does not perform discrete fuel 
injection when the two mixture douds are superimposed 
in proximity to the spark plugs at the ignition timing. 
Thus, the direct injection engine can perform stratified 
charge combustion with stability. 
[0043] In the stratified charge combustion region, the 
fuel injection interval Di required to superimpose the two 
mixture clouds in proximity to the spark plugs 7 at the 
ignition timing is varied in response to the engine rota- 
tion speed. In this invention, the controller 15 computes 
a required fuel injection interval Di in response to the 
engine rotation speed by looking up a second map as 
shown in FIG. 5 in order to superimpose the two mixture 
clouds in proximity to the spark plugs 7 at the ignition 
timing in all stratified charge combustion regions. The 
second map is stored in the ROM of the controller 15 
and specifying the relation of the engine rotation speed 
and the required fuel injection interval Di. As shown in 
FIG. 10, the required fuel injection interval Di corre- 
sponds to the onset interval of the two injection pulse 
and is expressed as a crank angle (degree CA). 
[0044] Referring to FIG. 5, a different relation between 
the engine rotation speed and the required injection in- 
terval Di shown by the thick solid line is set in region A 
from the first engine rotation speed N1 to the second 
engine rotation speed N2, in region B from the second 
engine rotation speed N2 to the third engine rotation 
speed N3, and in region C from the third engine rotation 
speed N3 to the fourth engine rotation speed N4. For 
example, the first, second, third, and fourth speed (N1 , 
N2, N3, and N4) are preset to be 600, 1 ,200, 2,000, 
3,600 rpm. 

[0045] in the lowest rotation speed region (region A), 
the required fuel injection interval Di is set to increase 
with decrease in engine rotation speed. 
[0046] This is for the following reason. When it is as- 
sumed that the fuel injection timing and the ignition tim- 
ing are fixed, the time from the completion of fuel injec- 
tion to the ignition timing increases with decrease in en- 
gine rotation speed. As a result, if the fuel injection in- 
terval at low rotation speeds equals the fuel injection in- 
terval at a high rotation speed, the two mixtur clouds 
become superimposed before the spark plug during op- 
eration at a low rotation speed. Consequently the two 



mixture clouds have diverged once again when in prox- 
imity to the spark plugs. Therefore it is necessary to de- 
lay superimposing the two mixture clouds by lengthen- 
ing the fuel injection interval as the engine rotation 

5 speed decreases. 

[0047] Furthermore the controller 1 5 sets a target fuel 
pressure tFp for injected fuel in response to the engine 
rotation speed based on a third map as shown in FIG. 
7. The third map is stored in the ROM of the controller 

10 1 5 and specifies the relation of the engine rotation speed 
and the target fuel pressure tFp. A target fuel pressure 
tFp is set so that stratified charge combustion is suitably 
produced when the fuel injection interval corresponds 
to the required fuel injection interval Di. 

15 [0048] In region A, the fuel pressure supplied to the 
fuel injection valve is set according to the required fuel 
injection interval Di in order to enable a required fuel 
injection interval Di which varies in response to the en- 
gine rotation speed. The reason forthis will be described 

20 hereafter. 

[0049] FIG . 6 shows a model comparison of the move- 
ment of two mixture clouds corresponding to a first and 
second fuel injection. The mixture clouds are identical 
with respect to the fuel injection amount, fuel injection 

25 timing and ignition timing and only differ with respect to 
fuel pressure. At both low fuel pressure and high fuel 
pressure, the interval between the first and second fuel 
injection is 20 degrees CA and the crank angle from 
completion of discrete fuel injection to the ignition timing 

30 is approximately 20 degrees CA. However the differ- 
ence of fuel pressure results in a difference in the man- 
ner in which the two mixture clouds reach the proximity 
of the spark plugs 7. 

[0050] FIG. 6 shows two mixture clouds immediately 

35 after completion of discrete fuel injection at the upper- 
most stage as shown in the figure. The lowest stage in 
the figure shows the two mixture clouds at the ignition 
timing with the downward passage of the two mixture 
clouds shown therebetween. 

40 [0051] Referring to FIG. 6A, when the fuel pressure is 
higher than an optimal fuel pressure, the travel speed 
of the first mixture cloud 21 (the mixture cloud resulting 
from a fuel spray injection by thefirst pulse) is more rapid 
than during low fuel pressure conditions. As a result, af- 

45 ter the ignition timing, the first mixture cloud 21 has 
slightly passed through the spark plug 7 before the sec- 
ond mixture cloud 22 (the mixture clouds resulting from 
a fuel spray injection by the second pulse signal) catch- 
es up (refer to the lowest stage in FIG. 6A). After the 

so crank angle is increased, the second mixture cloud 22 
catches up to the first mixture cloud 21 and both mix- 
tures become superimposed. Thus as shown in FIG. 6A, 
the fuel pressure becomes excessively high in this case. 
[0052] On the other hand, the travel speed of the first 

55 mixture cloud 21 is delayed when the fuel pressure is 
reduced. Referring to FIG. 6B, at a suitabl fuel pres- 
sure, the first mixture cloud 21 reaches the proximity of 
the spark plug at the ignition timing. At the same time, 
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the second mixture cloud 22 reaches the proximity of 
the spark plug in the same manner and both mixture 
clouds become superimposed (refer to the lowermost 
stage in FIG. 6B). 

[0053] Therefore it is clearthat th two mixture clouds 
become superimposed at the position closer to the fuel 
injection valve as thefuel pressure is reduced. As shown 
in the third map of FIG. 7, in order to make a required 
fuel injection interval Di available, the target fuel pres- 
sure tFp is reduced with decrease in engine rotation 
speed in the region A. Thus the target fuel pressure Fp1 
at a minimum rotation speed N1 (for example 600 rpm) 
of the engine becomes the lowest value in the region A. 
Furthermore, as shown in FIG. 5, the target fuel pres- 
sure tFp has a tendency of decreasing with increase in 
the required fuel injection interval Di. 
[0054] The target fuel pressure tFp increases as the 
engine rotation speed increases from the minimum ro- 
tation speed N1 . However an upper limit Fpmax on the 
fuel pressure exists due to the operational capacity of 
the fuel supply device. The fuel supply device is provid- 
ed with a fuel pump (not shown) for pumping fuel under 
pressure and a pressure regulator 14 which is provided 
downstream of the fuel pump and which maintains the 
fuel pressure to a regulated value. As a result, there is 
a lower limit on the required fuel injection interval Di re- 
sulting from the upper limit Fpmax for fuel pressure. The 
required fuel injection interval Di must be larger than or 
equal to this lower limit. The lower limit of the required 
fuel injection interval Di is shown by the thin solid line p 
in FIG. 5. The lower limit on the required fuel injection 
interval Di decreases with increase in engine rotation 
speed. 

[0055] When the engine rotation speed rises to the 
second speed N2, the required fuel injection interval Di 
reaches the thin solid line p and the fuel pressure does 
not undergo further increase. Thus in the present em- 
bodiment, when the engine rotation speed reaches val- 
ues greater than or equal to the second speed N2 (for 
example 1 ,200 rpm), the required fuel injection interval 
Di is set to a lower limit corresponding to the fuel pres- 
sure upper limit Fpmax. 

In addition, an upper limit on the required fuel injection 
interval Di exists resulting from the existence of the fuel 
pressure lower limit Fpmin. The thin solid line a in FIG. 
5 expresses the upper limit of the required fuel injection 
interval Di corresponding to the fuel pressure lower limit 
Fpmin. Thus it is necessary to restrict the required fuel 
injection interval Di to values between the thin solid line 
a and the thin solid line p. 

[0056] Furthermore, there is a lower limit on the re- 
quired fuel injection interval Di caused by the response 
delay resulting from driving the fuel injection valve. The 
broken line in the lower section of FIG. 5 represents the 
minimum value required for driving the fuel injection 
valve 1 2, that is to say, the minimum value resulting from 
the response delay in driving th fuel injection valve. Th 
reason for the existence of the minimum value will be 



described in detail below. 

[0057] When performing discrete fuel injection, it is 
necessary to start the second fuel injection after com- 
pletion of the first fuel injection. However when the time 

5 interval from completion of the first fuel injection to start- 
ing the second fuel injection is short, the injection hole 
of the fuel injection valve 1 2 is not completely closed as 
a result of the response delay in the actuator. As a result, 
since the second fuel injection continues without a break 

10 after the first fuel injection, it is not possible to perform 
discrete fuel injection. 

[0058] In other words, there is a minimum value with 
respect to the time interval from the completion of the 
first fuel injection to starting the second fuel injection. 

1* When this time interval is shorter than the minimum val- 
ue, it is not possible to perform discrete fuel injection. 
The time required to drive the fuel injection valve corre- 
sponds to the minimum value. Thus the region below 
the broken line in FIG. 5 is where discrete fuel injection 

20 js not possible. As shown by the broken line, the lower 
limit on the required fuel injection amount Di generated 
as a result of the response delay in driving the fuel in- 
jection valve increases in response to the engine rota- 
tion speed. 

25 [0059] The broken line and the thin solid line p corre- 
sponding to the upper limiting value on the fuel pressure 
intersect at the third speed N3 (for example 2,000 rpm). 
Thus in this embodiment, when in a rotation speed re- 
gion where the engine rotation speed is greater than the 

30 third speed N3 (region C), the required fuel injection in- 
terval Di is set to a lower limit resultingf rom the response 
delay in driving the fuel injection valve. When the engine 
rotation speed is greater than or equal to the third speed 
N3, the required fuel injection interval Di is increased 

35 with increasing engine rotation speed as shown by the 
broken line. 

[0060] In region C, the target fuel pressure tFp is var- 
ied in order to enable a required fuel injection interval 
Di. As shown in FIG. 7, the target fuel pressure tFp is 

40 decreased with increasing engine rotation speed in re- 
gion C. The fourth speed N4 (for example 3,600 rpm) is 
an engine rotation speed which determines the bound- 
ary for the stratified charge combustion region and the 
homogeneous combustion region. Thus the required fu- 

45 el injection interval Di is set when the engine rotation 
speed is less than the fourth speed N4 in the second 
map in FIG. 5. 

[0061 ] In summary, the characteristics of the target fu- 
el pressure tFp in response to the engine rotation speed 

so wilt be described below. Referring to FIG. 7, the target 
fuel pressure increases with increasing engine rotation 
speed from an engine rotation speed N1 to N2. The tar- 
get fuel pressure tFp is fixed to the upper limiting value 
between an engine rotation speed N2 to N3. The target 

55 fuel pressure tFp decreases with increasing engine ro- 
tation speed from an engine rotation speeds N3 to N4. 
[0062] For the purposes of simplicity, the characteris- 
tics of the required fuel injection interval Di in region A 
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are shown as linear in FIG. 5 and FIG. 7. However those 
characteristics are not limited in this regard and may be 
curved. 

[0063] The controller 1 5 controls the ignition timing of 
the spark plug 7 in response to operating conditions. In 5 
the stratified charge combustion region, since the opti- 
mal ignition timing varies in response to the engine ro- 
tation speed or the load, the controller 15 calculates an 
optimal ignition timing in response to engine rotation 
speed and load. An ignition signal for realizing the cal- io 
culated ignition timing is output to the drive circuit of the 
ignition coils 13a, 13b shown in FIG. 4. Sparking occurs 
between the electrodes of the spark plug 7 based on the 
ignition signal. 

[0064] When the ignition timing is varied in response is 
to the engine rotation speed in the stratified charge com- 
bustion region, the required fuel injection interval Di is 
affected. Therefore the actual value of the required fuel 
injection interval Di shown in FIG. 5 is determined by 
experiments taking the ignition timing into account 20 
[0065] Referring to the flowchart in FIG. 8, a routine 
for setting the target fuel pressure tFp and the respective 
fuel injection pulse widths T1 , T2 of the fuel injection 
pulse signal divided into two injections in the stratified 
charge combustion region will be described. This rou- 25 
tine is executed by the controller 15 at predetermined 
intervals, for example at intervals of 10 milliseconds. 
[0066] Firstly in a step S1 , operating conditions such 
as the engine rotation speed Ne and the engine load are 
detected. Then in a step S2, the required fuel amount 30 
per cylinder is computed on the basis of the operating 
conditions. 

[0067] In a step S3, the target fuel pressure tFp during 
discrete fuel injection is set on the basis of the engine 
rotation speed Ne by looking up a third map as shown 35 
in FIG. 7. In a step S4, a total fuel injection pulse width 
T is set in order to supply a required fuel amount with 
the target fuel pressure tFp. 

[0068] In a step S5, 1/2 of T is set as a fuel injection 
pulse width T1 for the first fuel injection and 1/2 of T is *o 
set as a fuel injection pulse width T2 for the second fuel 
injection. That is to say, the division ratio of the first fuel 
injection and the second fuel injection is 1 :1 . Of course 
T1 + T2 = T. In a step S6, T1 and T2 are stored in the 
register of the CPU. 45 
[0069] In a step S7, a target fuel pressure tFp is output 
to the drive circuit of the pressure regulator 1 4. The fuel 
pressure is regulated by the duty-controlled pressure 
regulator 14. Thus the drive circuit of the pressure reg- 
ulator 14 performs duty control in order to obtain a target so 
fuel pressure tFp. 

[0070] Referring to FIG. 9, a routine will be described 
below for setting the onset timing IT1 , IT2 of the fuel 
injection pulse signal which is divided into two in the 
stratified charge combustion region. That is to say, the & 
fuel injection start timings for the first and second injec- 
tion are set. The routine is executed by the controller 15 
at a predetermined interval, for example 10 millisec- 



onds. 

[0071] Firstly in a step S1 1 , operating conditions such 
as the engine rotation speed Ne and engine load are 
detected. Then in a step S12, a first fuel injection start 
timing IT1 [degree CA BTDC] is set on the basis of op- 
erating conditions. In a step S13, a required fuel injec- 
tion interval Di [degree CA] is set by looking up a second 
map shown in FIG. 5 based on the engine rotation speed 
Ne. in a step S14, a value delayed from the first fuel 
injection start timing IT1 by the required fuel injection 
interval Di is set as a second fuel injection start timing 
IT2 [degree CA BTDC]. In a step S15, the two fuel in- 
jection start timings IT1 , IT2 are stored in the register of 
the CPU. The two fuel injection start timings IT1 , IT2 are 
naturally set in the compression stroke. 
[0072] In a step St 6, the controller 1 5 executes a fuel 
injection control. In the fuel injection control, a fuel in- 
jection pulse signal consisting of the two fuel injection 
pulse is produced as shown in FIG. 1 0 based on the fuel 
injection start timing IT1 , IT2 and fuel injection pulse 
widths T1 , T2 stored in the register of the CPU. The con- 
troller 15 outputs this fuel injection pulse signal to the 
drive circuit of the fuel injection valve 1 2. 
[0073] The effect of this embodiment will be summa- 
rized below. 

[0074] In this embodiment, a required fuel injection in- 
terval Di is determined for the two fuel injection so that 
the two mixture clouds are superimposed in proximity to 
the spark plug 7 at the ignition timing, by applying the 
principle of rapid-succession double fuel injection. In 
this embodiment, since the first and second fuel injec- 
tion pulse widths T1 , T2 correspond to half the pulse 
width T of a single injection, the dimensions of the mix- 
ture clouds when superimposed are approximately half 
those resulting from a single (non-divided) injection 
pulse single. 

[0075] The schematic shape taken by the mixture 
cloud in the combustion chamber 6 will be described be- 
low referring to FIG. 11. Reference numeral 31 shown 
in the upper panel denotes the first mixture cloud and 
that designated by the reference numeral 32 is the sec- 
ond mixture cloud. The overall range in the dimensions 
of the mixture cloud is more narrow when two mixture 
clouds 31 , 32 are produced by discrete double fuel in- 
jection as shown in the upper panel than a mixture cloud 
33 produced by a single fuel injection as shown in the 
lower panel. 

[0076] In this embodiment, the two mixture clouds 
produced by a fuel spray injection due to a first and a 
second fuel injection pulse are superimposed in prox- 
imity to the spark plug at the ignition timing. Thus since 
the degree of charge stratification of the air-fuel mixture 
is increased, it is possible for a direct injection engine 
according to this embodiment to perform stratified 
charge combustion in a more stable manner than a con- 
ventional direct injection engine. 
[0077] In region A near the lowest rotation speed 
shown in FIG. 5, low engine rotation speeds tend to 
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lengthen the time from completion of the fuel injection 
to the ignition timing. As a result, in region A, the re- 
quired fuel injection interval increases with decreasing 
engine rotation speed. Since the routine is adapted to 
delay superimposition of the two mixture clouds, in re- 
gion A, it is possible superimpose the two mixture clouds 
in proximity to the spark plug at the ignition timing. 
[0078] Furthermore it is possible to shorten the fuel 
injection interval to the greatest extend in a rotation 
speed region (region B in FIG. 5) where the required fuel 
injection interval Di is set to a fuel injection interval cor- 
responding to the upper limit of the fuel pressure. 
[0079] In a rotation speed region (region C in FIG. 5) 
where a limiting value resulting from the required time 
for driving the fuel injection valve is set as a required 
fuel injection interval Di, it is possible to ensure a mini- 
mum fuel injection interval and perform discrete double 
fuel injection applying the principle of rapid-succession 
double injection. 

[0080] In this embodiment, an air guide is employed 
as a method of introducing an air-fuel mixture from a fuel 
injection valve 12 to the spark plug 7. However this in- 
vention is not limited in this respect and it is possible to 
apply the invention to a direct injection engine with a 
wall guide. 

[0081 ] An air guide is a system of generating a tumble 
flow (swirl in a longitudinal direction) in air flowing into 
the combustion chamber 6 from the intake ports 8a, 8b 
by closing the tumble control valve 25 (gas flow gener- 
ating means). The shape of a cavity provided on the pis- 
ton head and the angle of incidence of intake air flowing 
into the combustion chamber 6 from the intake ports 8a, 
8b is determined so that fuel injected from the fuel in- 
jection valve 12 enters the tumble flow and is transport- 
ed to the spark plug 7. 

[0082] On the other hand, a wall guide is a different 
method of transporting an air-fuel mixture into proximity 
to the spark plug and comprises a system of using a 
swirl flow (swirl in a lateral direction) generated by the 
gas flow generating means. The swirl flow leads an air- 
fuel mixture resulting from the fuel spray along the wall 
of the cavity provided as an indentation on the piston 
head to the proximity of the spark plugs. The wall guide 
system is disclosed in Tokkai Hei 10-339138 published 
by the Japanese Patent Office. 
[0083] In this embodiment, a fuel injection pulse sig- 
nal generated during the compression stroke in the 
stratified charge combustion region consists of two puls- 
es having exactly the same fuel injection pulse width. 
However the fuel injection pulse widths of the first and 
second pulses may be different to a certain degree. 
[0084] In this embodiment, the onset interval of the 
two fuel injection pulses as shown in FIG. 10 has been 
expressed as a fuel injection interval. However the in- 
terval from the onset of the first fuel injection pulse to 
the onset of the second fu I injection pulse (that is to 
say, the interval from the right end of T1 to IT2) may be 
expressed as the fu I injection interval. 



[0085] The entire contents of Japanese Patent Appli- 
cations P2001-1528 (filed January 9, 2001) are incor- 
porated herein by reference. 

[0086] Although the invention has been described 
5 above by reference to certain embodiments of the in- 
vention, the invention is not limited to the embodiments 
described above. Modifications and variations of the 
embodiments described above will occur to those skilled 
in the art, in light of the above teachings. The scope of 
10 the invention is defined with reference to the following 
claims. 



Claims 



15 



20 



25 



30 



35 



40 



45 



A fuel injection control device for a direct injection 
engine (1) which performs stratified charge com- 
bustion in a predetermined operating region, the fu- 
el injection control device being provided with a 
spark plug (7) for igniting an air-fuel mixture in the 
cylinder (4), and a fuel injection vafve (1 2) for inject- 
ing fuel into the cylinder (4), the control device com- 
prising: 

a crank angle sensor (1 7) for detecting an en- 
gine rotation speed; and 
a controller functioning to: 

output a fuel injection pulse signal for open- 
ing a fuel injection valve (12) during the 
compression stroke; the fuel injection 
pulse signal comprising a first injection 
pulse and a second injection pulse, the sig- 
nals having substantially the same pulse 
width; and 

set a fuel injection interval which is the in- 
terval between the first fuel injection pulse 
and the second fuel injection pulse in re- 
sponse to an engine rotation speed so that 
a second mixture cloud (22) produced by a 
fuel spray injected on the basis of the sec- 
ond fuel injection pulse follows after and is 
superimposed on a first mixture cloud (21 ) 
produced by a fuel spray injection on the 
basis of the first fuel injection pulse, the two 
mixture clouds (21, 22) being superim- 
posed in proximity to a spark plug at the 
ignition timing. 



50 2. The fuel injection control device for a direct injection 
engine (1) as defined in Claim 1 , wherein the con- 
troller (15) further functions to: 

set the fuel injection interval so that the fuel in- 
55 jection interval increases with decrease in the 

engine rotation speed. 

3. The fuel injection control device for a direct injection 
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engine as defined in Claim 2, wherein the controller 
(15) further functions to: 

set a fuel pressure for fuel supplied to the fuel 
injection valve (12) on the basis of the engine 5 
rotation speed in order to enable the fuel injec- 
tion interval. 

4. The fuel injection control device for a direct injection 
engine as defined in Claim 3, wherein the controller 10 
(1 5) further functions to: 

set the fuel injection interval so that the fuel in- 
jection interval is greater than or equal to a low- 
er limiting value determined based on the upper 
limiting value for fuel pressure. 

5. The fuel injection control device for a direct injection 
engine as defined in any one of Claim 2 to Claim 4, 
wherein the controller (1 5) further functions to: 20 

set the fuel injection interval so that the fuel in- 
jection interval is greater than or equal to a low- 
er limiting value resulting from the time required 
to drive the fuel injection valve (12). 25 

6. The fuel injection control device for a direct injection 
engine as defined in Claim 1 , wherein the controller 
(15) comprises a microprocessor. 

30 

7. The fuel injection control device for a direct injection 
engine as defined in Claim 1 , wherein the controller 
(1 5) stores a map specifying a relation between the 
engine rotation speed and the required fuel injection 
interval as follows: 35 

the required fuel injection interval decreases 
with increase in the engine rotation speed when 
the engine rotation speed is in the range from 
a first speed to a second speed, the required 40 
fuel injection interval is the lower limiting value 
determined based on the upper limiting value 
for fuel pressure when the engine rotation 
speed is in the range from the second speed to 
a third speed, and the required fuel injection in- 
terval is the lower limiting value resulting from 
the time required to drive the fuel injection valve 
(12) when the engine rotation speed is in the 
range from the third speed to a fourth speed; 
the controller (15) further sets the fuel injection so 
interval to the required fuel injection interval 
based on the map. 

8. The fuel injection control device for a direct injection 
engine as defined in Claim 1 , wherein the controller 55 
(15) stores a map specifying a relation b tween the 
engine rotation spe d and the target fuel pressure 

for fuel supplied to the fuel injection valve (12) as 



follows: 

the target fuel pressure increases with increas 
in the engine rotation speed when the engine 
rotation speed is in the range from a first speed 
to a second speed, the target fuel pressure is 
a upper limiting value when the engine rotation 
speed is in the range from the second speed to 
a third speed, and the target fuel pressure de- 
creases with increase in the engine rotation 
speed when the engine rotation speed is in the 
range from the third speed to a fourth speed; 
the controller (15) further sets the fuel pressure 
to the target fuel pressure based on the map. 

9. A fuel injection control method for a direct injection 
engine (1) which performs stratified charge com- 
bustion in a predetermined operating region and 
which is provided with a spark plug (7) for igniting 
an air-fuel mixture in the cylinder (4), and a fuel in- 
jection vatve (12) for injecting fuel into the cylinder 
(4), the control method comprising: 

detecting an engine rotation speed; 
outputting a fuel injection pulse signal for open- 
ing a fuel injection valve (12) during the com- 
pression stroke; the fuel injection pulse signal 
comprising a first injection pulse and a second 
injection pulse, the signals having substantially 
the same pulse width; and 
setting a fuel injection interval which is the in- 
terval between the first fuel injection pulse and 
the second fuel injection pulse in response to 
an engine rotation speed so that a second mix- 
ture cloud (22) produced by a fuel spray inject- 
ed on the basis of the second fuel injection 
pulse follows after and is superimposed on a 
first mixture cloud produced by a fuel spray in- 
jection on the basis of the first fuel injection 
pulse, the two mixture clouds being superim- 
posed in proximity to a spark plug at the ignition 
timing. 
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